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The dual bell nozzle is an adaptive nozzle concept with a higher efficiency in comparison
to conventional concepts, but without the weight penalty associated with other adaptive
concepts. Such a nozzle has two stable modes; the sea level mode and the high altitude
mode. During the launch, the modes switch automatically and suddenly if the transition
nozzle pressure ratio is reached. But experiments have shown that around that spe-
cific pressure ratio, the nozzle can be very sensitive to pressure fluctuations, which are
typically generated by vortices and flow separation at the rocket tail. The resulting sud-
den load changes can strongly affect the stability of the nozzle. In the present paper, the
sensitivity of one dual bell nozzle to fluctuation of the outer pressure is studied using nu-
merical simulations. The computational domain is constructed as a simplified version of
a high altitude simulation chamber, where the effect was observed during experiments.
But in comparison to the experimental configuration, the transition and retransition be-
tween the modes is excited by an oscillating mass flow, which changes the pressure in
the chamber. Various frequencies and amplitudes are studied.
1. Introduction
During the launch, the rocket nozzle of a main rocket stage is exposed to constantly
changing environmental conditions ranging from sea-level to high altitude ones, resulting
in particular in a variation of outer pressure. For conventional nozzle with a continuous
shape design this leads to loss of efficiency based on one fixed design point. Besides
the efficiency problems, all flow states which are not at the design point can lead to
strong loads on the structure. The dual bell concept, which was mentioned already in
1949 in [1], can help reduce these effects. The concept includes a contour inflection
which divides the nozzle into a basis and an extension; thereby, two stable operations
modes can be achieved. While the separation is fixed at the inflection in the sea-level
mode, it moves abruptly at a transition nozzle pressure ratio (NPR; p0
pa
) to the nozzle
end during the flight and leads to the high altitude mode with a full flowing extension.
On the one hand, the symmetric and stable separation in the low-altitude mode reduces
the side loads, on the other the full flowing extension increases the efficiency of the
nozzle in comparison to conventional concepts. An additional advantage of the concept
compared to other adaptive designs is that no additional payload caused by mechanical
parts is needed, which allows for an easy integration into existing configurations. But
experiments have shown that around the transition nozzle pressure ratio the concept is
very sensitive against pressure fluctuations [2], which can be induced by unsteady flow
effects like vortices or flow separation at the tail of a rocket. This fluctuation can also
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excite an unstable change between the two stable modes. The sudden retransition and
transition is referred to as the flip-flop effect. Although a hysteresis effect observed in
experiments can increase the stability against such fluctuations, the frequency of the
load changes could lead to an excitation of the structure and to a complete failure in the
worst case. To gain a better understanding of this effect, the reaction of the transition
and retransition to a presribed oscillating outer pressure is investigated within a simpli-
fied geometry of the high altitude simulation chamber (HASC) in the presented paper
for different amplitudes and frequencies. In the long term, the influence of the effect to
fluid-structure interaction should be also investigated. This should also include asym-
metric effects. A deeper analysis should lead to active and passive strategies like au-
tomatic control and shape optimization, to suppress the observed behaviour and make
the whole system more robust.
2. Test Configuration
The presented test configuration is based on the cold gas subscale test facility P6.2
of the DLR Lampoldshausen. It allows for investigation of nozzle models under vary-
ing outer pressure, e.g., simulation of the changes in environment during the launch.
The variation of the chamber pressure is controlled by an additional bleed mass flow
which achieves a control of the chamber pressure independent of the nozzle pressure
and ejector outflow. The presented numerical studies can support experimental investi-
gations of the dual bell nozzle and are the basis for more detailed numerical analysis,
especially regarding aeroelastic effects.
The computational domain is based on the geometry of the HASC; to accelerate the
simulation, the outflow is significantly simplified. The investigated dual-bell nozzle is
based on geometric data provided by the DLR Lampoldshausen. It is assembled by a
Truncated Ideal Contour (TIC) basis nozzle with an throat radius r⋆ = 10mm, an area
ratio εBasis = 11.3 and a length lBasis = 62mm. The extension of the nozzle is de-
signed for a constant wall pressure and has an area ratio εExtension = 27.1 and a length
lExtension = 83mm. The constant thickness of the wall is 10mm.
3. Methods and Computational Model
For the numerical investigations, the DLR TAU code [6] is used to solve the unsteady
Reynolds-averaged Navier-Stokes equations. The RANS equations are closed by the
Spalart-Almaras turbulence model with Edwards modification [7]. A dual time stepping
method in combination with a backward Euler scheme is applied.
To simplify the configuration, the complete geometry is regarded as axissymmetric;
three dimensional effects are not considered. The computational domain is constructed
by a 5 degree section, which is dicretized by a mesh with approx. 520,000 elements. On
the side walls of the section, symmetry boundary conditions are applied. The influence
of the boundary layer of the chamber walls to the pressure distribution around the nozzle
is neglected; slip conditions are used here. The boundary layer of the remaining walls
of the nozzle and its mounting are taken into account; therefore the near field of those
walls is discretized by a structured grid with a height of 50 cells; the nearest cell to the
wall has a height of 1.0µm. The grid including the DLR TAU specific boundary conditions
is presented in Fig. 1.
The physical conditions used for the simulations are based on the experimental con-
figuration. For all simulations, a constant total pressure p0 = 5.2MPa and a constant
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FIGURE 1. Grid and applied boundary conditions.
total temperature T0 = 300K are applied at the nozzle inflow. Because the complex de-
sign of the ejector would clearly increase computational costs, it is neglected in this first
study. Instead a constant pressure at the outflow is applied, which is an averaged value
of measured data. Further studies can show, whether this simplification is justified. As a
more realistic model, an alternative could include an additional nozzle in the outflow pipe
as the subsonic diffuser, which can allow for decoupling of the chamber in the numerical
study from the outflow conditions.
The pressure in the HASC is varied by an additional mass inflow, which is modeled in
the simulation as an axisymmetric ring. The area of the axisymmetric inflow is equal to
the area of the bleed mass flow in the experiments. The static pressure of the bleed flow
is pBleed = 1.0MPa; the investigated velocities are up to 166.5m/s. Different frequencies
and amplitudes for an oscillating inflow are studied. For all computations, the time step
is chosen such that the period of the varying bleed flow is discretized by 40 time steps
at least, and in each case three periods are computed. As in the experimental studies
nitrogen serves as the working fluid.
The simulations were performed on an Intel Xeon X5676 Westmere EP cluster using
24 cores; per simulation, around 24 hours were needed.
4. Results
4.1. Transition and Retransition
As a preliminary investigation to the periodic simulations, a single transition and retran-
sition process has been simulated. The retransition, simulation was initialized with the
result of a stationary simulation with zero bleed mass flow. The bleed mass flow was
then set to a constant value of m˙bleed = 2kgs which leads to a rising chamber pressure
and therefore triggers the retransition. The last output of the retransition simulation was
then used to initialize the transition simulation. To lower the chamber pressure and trig-
ger the transition, the bleed mass flow was reduced to a constant level of m˙bleed = 0.1kgs .
For each simulation, 30 timesteps with a physical time step size of one millisecond were
calculated. The static pressure was analyzed at a total of 28 positions in the flow field
which are shown in Fig. 2. Six of those positions were chosen outside the nozzle to
measure the changing chamber pressure. Since the static pressure at these positions
shows very few differences, position five was chosen to be the chamber pressure be-
cause its position is very close to the nozzle exit. The 22 remaining probe positions lie
at the nozzle extension wall and are approximately equally spaced.
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FIGURE 2. Pressure measurement locations.
Retransition
Transition and retransition are mainly triggered by the nozzle pressure ratio NPR = p0
pa
which is shown in Fig. 3(a) together with the gradient of the chamber pressure. Due to
the abrupt rise of the bleed mass flow, the static pressure in the chamber first rises very
quickly. With rising pressure, the mass flow leaving the domain, which is driven by the
pressure difference between chamber and boundary, increases leading to a decreasing
pressure gradient converging towards zero.
Figure 3(b) shows the static pressure analyzed at positions 8 and 24 over the sim-
ulation time. In the stationary initial solution, position 24 is the rearmost position that
lies in the supersonic flow upstream the separation shock. The moment when the shock
passes the observed position can be recognized by the rising pressure. As long as the
flow is supersonic, the wall pressure is only influenced by the constant total conditions.
Once the shock lies upstream of the observed position, the flow changes to subsonic
and the pressure follows the ambient pressure in the vacuum chamber. The high pres-
sure gradient in the chamber leads to a retransition starting in the very beginning of
the simulation, as seen in the pressure history for position 24 in Fig. 3(b). Position 24
was used to define the retransition start, because the sharp edge at the nozzle end and
the high wall thickness of 10mm lead to a separation downstream this point. The much
slower process of the reversed sneak transition was excluded from the retransition time,
as was also done in earlier studies [3, 4]. To illustrate this effect, the wall pressure in
the nozzle extension for consecutive time steps is shown in Fig. 4. The pressure dis-
tribution shows a slightly negative gradient in the vicinity of the kink and downstream,
before the constant design value is reached at X ≈ 7.2. This gradient leads to stable
separation positions near the kink for conditions near the transition NPR and a delayed
retransition similar to the sneak transition in the reversed case described in [3]. This ef-
fect is being emphasized in the shown simulation by the decreasing pressure gradient.
The retransition end was therefore defined as the moment when the separation shock
passes position 8. The total duration of the retransition process following this definition
is approximately ten milliseconds. This value is in good agreement with experimental
results [4,5].
Transition
The development of the pressure in the vacuum chamber and its gradient during
the transition simulation are shown in Fig. 5(a). As seen in the retransition simulation
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FIGURE 3. NPR and pressure gradient in the chamber (a) and pressure at positions 8 and 24 (b)
for the retransition simulation.
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FIGURE 4. Wall pressure in the nozzle extension for different moments of the retransition
simulation.
the absolute value of the pressure gradient decreases over time due to the decreasing
pressure difference between the vacuum chamber and the outflow boundary condition.
It is also considerably smaller than during the retransition simulation. Looking at the
pressure development in Fig. 5(b), one can observe that the separation shock did not
pass position 24 until the end of the simulation. To determine the transition end, the
position four milimeters upstream of position 23 was therefore analyzed instead. The
great difference between the graphs in the late phase of the simulation illustrates that
additional to the sneak transition, the transition process slows down again when the
separation reaches the nozzle end. The wall pressure distribution in Fig. 6 shows a sim-
ilar behaviour as seen for the retransition process above, including the sneak transition
in the beginning and an additional slow-down effect near the end of the simulation. Due
to the decreasing pressure gradient, the duration of the sneak transition is quite short
and the whole transition takes about 14 milliseconds, which is significantly longer than
the retransition duration.
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FIGURE 5. NPR and pressure gradient in the chamber (a) and pressure for at 8, 23 and 24 (b) for
the transition simulation.
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FIGURE 6. Wall pressure in the nozzle extension for different moments of the transition
simulation.
4.2. Investigation of a Periodic Bleed Flow
The exact form of the bleed mass flow profile in the experiments was not available for the
performed simulations. As a first approximation the bleed flow was therefore modeled to
be sinusoidal. This continuous assumption seems to be an appropriate approximation
because of the system’s inertia. Preliminary simulations for a simplified geometry have
shown that a sinusoidal mass flow is also the most robust case using the given numerical
method. As initial solution, the results of a stationary simulation with a bleed mass flow
of m˙bleed,min = 0.1kgs was used for all calculations. The mass flow during the instationary
simulation was then varied between m˙bleed,min = 0.1kgs and m˙bleed,max.
Figure 7 shows the history of the bleed flow and the normalized wall pressure at po-
sition 20, which has been chosen for comparison of the pressure profiles. The transition
and retransition can clearly be identified by the corresponding kinks in the pressure dia-
gram, which repeat in every simulated period. For comparison of the simulation results,
the second period of each simulation was analyzed since the first period contains set-
tling effects and the last period was only partly simulated due to the phase shift between
excitation and response ∆Φ. The analyzed values for ∆Φ, the phase difference between
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FIGURE 7. Bleed mass flow and normalized wall pressure at position 20 versus phase angle.
retransition and transition ∆ΦR−T and the maximum normalized pressure P20,maxwere
calculated as presented in Fig. 7.
4.2.1. Variation of Frequency
The preliminary simulations showed a strong influence of the bleed mass flow fre-
quency on the pressure response. To evaluate the influence of frequency on the transi-
tion behaviour of the system, the bleed flow frequency was varied in a range of fmin =
1Hz to fmax = 100Hz. The maximum bleed flow was set to a constant value of m˙bleed,max =
2.0kg
s
for all simulations. Figure 8(a) shows that the maximum pressure decreases with
increasing excitation frequency (P20,max(100Hz)
P20,max(1Hz) ≈ 62%). The plotted linear approximation
has a gradient of ∂P20,max
∂f
= −0.021Hz−1. At a frequency of fcutoff = 197Hz the shown
line crosses the isobar at P = 0.00483, which is the pressure of the full flowing nozzle
extension at position 20. For a maximum pressure below this value, and therefore for
frequencies above fcutoff , a retransition will not occur since the back pressure is below
the static pressure in the nozzle exit. In a real system the recompression in the subsonic
flow regime downstream of the separation position will probably lead to an even lower
cut-off frequency.
Another effect limiting the excitation frequency is visible in Fig. 9(a). The outgoing
mass flow can not follow the fast changing in the bleed flow and the vacuum chamber
fills up with nitrogen, which leads to a rising ambient pressure for the tested nozzle.
Once the pressure has reached a critical level, the NPR is too low to trigger the tran-
sition process. This effect can be seen in the second period and the rising average
pressure of the simulation performed with a frequency of f = 100Hz. Figure 9(b) con-
firms this effect. For frequencies below 30Hz, the phase difference between retransition
and transition is relatively stable around 1.4pi. For higher frequencies the value rises
rapidly and reaches a value of approximately 2pi for f = 100Hz, which means that the
transition process cannot be completed within one excitation period. The simplifications
made to model the ejector are expected to have a big influence on this inertia effect.
A more detailed simulation might be needed, and a validation with experimental data
would be recommended to model the system for higher frequencies, which could not be
done within the framework of this study. Frequencies above 100Hz were therefore not
simulated.
Figure 8(b) shows the phase shift between bleed flow and pressure response over the
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FIGURE 8. Maximum normalized wall pressure for position 20 (a) and phase shift between bleed
flow and pressure response (b) over frequency.
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FIGURE 9. Bleed mass flow and normalized wall pressure at position 20 versus phase angle (a)
and phase difference between retransition and transition versus frequency (b).
frequency. The phase shift converges towards zero for a slow excitation, i.e. quasi sta-
tionary simulation, and rises with the frequency. The results show a decreasing gradient
and therefore indicate the existence of an upper boundary for the phase shift which was
not examined further because of the predominant effects for high frequencies described
above.
4.2.2. Variation of Amplitude
To analyze the effect of the bleed flow amplitude on the transition behaviour, simu-
lations with a bleed mass flow amplitude between m˙bleed,max = 0.1kgs and m˙bleed,max =
2.0kg
s
for the three sample frequencies of 3Hz, 10Hz and 30Hz were performed. The left
diagram in Fig. 10 shows the maximum normalized wall pressure versus the varied mass
flow. For all simulated frequencies, a mass flow amplitude of at least m˙bleed,max,thr =
1.0kg
s
was necessary to trigger the retransition of the nozzle. In simulations with smaller
mass flow, neither the amplitude nor the frequency of the bleed flow had an influence
on the flow inside the nozzle extension since it was completely supersonic. Above this
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FIGURE 10. Maximum normalized wall pressure for position 20 (left), phase shift between bleed
flow and pressure response (middle) and phase difference between retransition and transition
(right) over mass flow amplitude.
threshold, there is a linear correlation between the bleed mass flow amplitude and the
maximum normalized pressure in the nozzle extension. This correlation is consistent
with the formula for the pressure gradient deduced from the time derivative of the ideal
gas equation for a constant volume V containing a gas of the mass m with the gas
constant R at a constant temperature T :
∂p
∂t
= ∂m
∂t
RT
V
(4.1)
The influence of the bleed mass flow amplitude on the phase shift between excitation
and response, which is shown in the middle diagram in Fig. 10, is very low compared
to the effects occurring when varying the frequency. An increasing mass flow amplitude
leads to a slightly decreasing phase shift.
In those simulations with a mass flow amplitude too low to trigger the retransition, i.e.,
for m˙bleed,max < 1.0kgs , the phase difference between retransition and transition was ex-
actly zero. Those values are therefore not shown in the right diagram in Fig. 10 in order
to make the small differences between the remaining simulations visible. An increasing
mass flow amplitude leads to a steeper pressure gradient and therefore also an increas-
ing phase difference. This influence rises with the frequency. The correlation seems to
be linear, although this statement is not fully verified due to the small number of data
points and the lack of theoretical foundation.
5. Conclusion
The influence of fluctuations of the outer pressure to the transition and retransition
of a dual bell model was studied. To prepare for further experimental studies, all inves-
tigations were conduction in a simplified computational domain based on a HASC at
the DLR Lampoldshausen. The transition and retransition was excited by an oscillating
bleed mass flow, which leads to a fluctuating pressure in the chamber. A variation of
different frequencies and amplitudes were observed. The simulations have shown that
a frequency of fmin = 0Hz to fmax = 50Hz for a mass inflow of at least m˙bleed ≥ 0.5kgs
are suitable to excite the expected effects. The influence of the frequency and ampli-
tude to the different parameters of the transition could be shown qualititatively. Further
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investigation should ensure that the model of the HASC is qualitatively correct in com-
parison to a more complex one. In particular, the self-exciting transtion and retransition
observed in the experiments should be investigated. Additionally, the dynamic reaction
of the structure to the load changes caused by the varying nozzle modes should be in-
vestigated. In the long term, strategies to stabilize the nozzle flow around the transition
pressure with active and passive methods should be investigated.
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